Purification of recombinant proteins for biochemical assays and structural studies is time-consuming and presents inherent difficulties that depend on the optimization of protein stability. The use of dyes to monitor thermal denaturation of proteins with sensitive fluorescence detection enables rapid and inexpensive determination of protein stability using real-time PCR instruments. By screening a wide range of solution conditions and additives in a 96-well format, the thermal shift assay easily identifies conditions that significantly enhance the stability of recombinant proteins. The same approach can be used as an initial low-cost screen to discover new protein-ligand interactions by capitalizing on increases in protein stability that typically occur upon ligand binding. This unit presents a methodological workflow for small-scale, high-throughput thermal denaturation of recombinant proteins in the presence of SYPRO Orange dye. C 2015 by John Wiley & Sons, Inc.
INTRODUCTION
Expression and purification of recombinant proteins can be significantly improved by addition of stabilizing buffers or ligands that reduce the propensity of proteins to unfold or aggregate during purification and storage in vitro. Moreover, increasing stability correlates with the ability of recombinant proteins to crystallize (Ericsson et al., 2006; Vedadi et al., 2006; Dupeux et al., 2011) . Identification of stabilizing buffers and additives is typically established by monitoring increases in the melting temperature of a protein upon thermal denaturation. Differential scanning calorimetry is an excellent, label-free technique used to determine protein melting temperatures, but it requires expensive instrumentation dedicated to this purpose, is time-intensive, and offers low throughput for screening purposes (Bruylants et al., 2005) .
Environmentally sensitive dyes have long been used to study protein folding. Commonly used dyes such as 1-anilinonaphthalene-8-sulfonate (1,8-ANS) and naphthalene-6-sulfonate (2,6-TNS) undergo a significant increase in quantum yield upon binding low-dielectric/hydrophobic environments that become exposed during protein denaturation, allowing sensitive detection by fluorescence spectroscopy (Hawe et al., 2008) . However, 1,8-ANS and related dyes typically have excitation/emission wavelengths outside the range of commonly available real-time PCR instruments that have fluorescence detection capabilities and Peltier-based temperature control. SYPRO Orange dye also undergoes a significant increase in quantum yield upon binding hydrophobic regions in shows that, for a given pH (pH 7.0), the choice of buffer can impact overall protein stability. Here, the protein is significantly more stable in 50 mM sodium phosphate than several others at the same concentration and pH, including: L-Arg/L-Glu, Tris, HEPES, and MOPS.
denatured proteins, and its fluorescence properties (λ ex 470 nm, λ em 570 nm) are compatible with filter sets found on real-time PCR instruments, allowing their adaptation for protein thermal denaturation assays (Niesen et al., 2007) .
The basic scheme of a thermal shift assay (TSA; Fig. 28 .9.1) involves incubation of natively folded proteins with SYPRO Orange in a 96-well PCR plate. Through a systematic increase in temperature and concomitant monitoring of SYPRO Orange fluorescence emission, it is possible to monitor thermal denaturation of the protein in many conditions simultaneously. The increase in melting temperature under different buffer or additive conditions gives rise to a thermal shift that quantifies the stabilization of the protein. The same property is used to identify small-molecule ligands, which tend to stabilize proteins upon binding (Lo et al., 2004; Matulis et al., 2005) . Therefore, the thermal shift assay (also known as differential scanning fluorimetry or ThermoFluor) is a rapid and inexpensive assay to identify stabilizing solution conditions, additives, and small-molecule ligands for purified recombinant proteins.
This unit describes the full workflow for a thermal shift assay, starting with a buffer screen for optimizing protein stability (see Basic Protocol). Special focus is given to the crucial step of data analysis to derive melting temperatures from raw thermal denaturation data (see Support Protocol). Additional protocols provides protocol describe screens that can be used to identify stabilizing additives or protein-ligand interactions (see Alternate Protocols 1 and 2). Figure 28 .9.2 provides a flow chart of the entire thermal shift assay process.
BASIC PROTOCOL

BUFFER SCREEN FOR OPTIMIZING PROTEIN STABILITY
This protocol is ideal for an initial screen of a wide range of solution conditions (buffer, pH, ionic strength) to identify an optimal buffer for subsequent thermal shift screens, downstream biochemical assays, or structural biology applications.
Materials
Commercial or in-house buffer screen: 96-well 2-ml deep-well block containing 5× buffer screen of choice (e.g., Hampton Research cat. no. HR2-072 or see recipe and 
Protein Folding
28.9.5
Set up 96-well assay plate 1. Bring 5× buffer screen to room temperature ß30 min before use.
2. In a 15-ml conical tube, combine protein stock and dilution buffer to obtain a final concentration of 5 μM in a volume of 5 ml. 4. Pour into a multichannel pipet reservoir trough and use a multichannel pipet to transfer 40 μl to each well of a 96-well PCR assay plate.
5. Centrifuge the prewarmed 5× buffer screen plate for 2 min at 800 × g, room temperature.
6. Carefully peel off the adhesive aluminum seal on the 5× buffer screen plate, then use the multichannel pipet to transfer 10 μl of each 5× buffer screen stock from the stock plate to the assay plate. Mix contents by pipetting up and down several times using the same pipet tips.
7. Cover the assay plate with a sheet of optically clear adhesive and carefully seal each well.
8. Reseal the buffer screen with new adhesive aluminum sealing film and store at 4°C.
9. Centrifuge the assay plate for 2 min at 800 × g, room temperature, to collect solutions in the bottom of the wells and remove bubbles. 14. Click on the Run tab to the left to initiate thermal denaturation.
Using the current setup, the run time is ß1 hr 45 min.
15. Once the experiment is done, export data into a comma-separated value (csv) Excel file and proceed to analysis (see Support Protocol).
SUPPORT PROTOCOL
DETERMINATION OF MELTING TEMPERATURES FROM NON-LINEAR FITTING OF THERMAL DENATURATION DATA
This protocol describes the steps needed to complete basic non-linear fitting of thermal denaturation curves to derive melting temperatures (Fig. 28.9.3 ). An alternative method for estimating melting temperatures involves calculating the first derivative of fluorescence emission with respect to temperature (demonstrated in Fig. 28 .9.3C, though not covered in this unit). 
28.9.7
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Truncate post-peak fluorescence 1. Open csv file containing raw fluorescence data from the real-time PCR instrument in Excel. 
This macro finds the maximum numerical value within a column of data and deletes all data points two rows after this maximum. Deleting post-peak fluorescence quenching improves non-linear fitting with the Boltzmann sigmoidal equation (below), providing better fits for T m based on better estimates of maximal fluorescence.
Perform non-linear fitting of truncated fluorescence data 4. Open a graphing software program that can perform non-linear fitting (e.g., GraphPad Prism) and copy the truncated data into a new file for analysis.
Perform non-linear fitting of truncated dataset to a Boltzmann sigmoidal curve with the following equation:
where y is fluorescence emission in arbitrary units, x is temperature, bottom is baseline fluorescence at low temperature, top is maximal fluorescence at the top of the truncated dataset, slope describes the steepness of the curve (with larger values denoting shallower curves), and T m is the melting temperature of the protein.
The graphing software will provide fit values for each of the parameters in the equation, as well as standard errors and 95% confidence intervals for the data analysis. Thermal denaturation curves that conform to ideal profiles (i.e., low baseline fluorescence, sigmoidal transition during denaturation) typically yield T m fits with standard errors ࣘ 0.3°C.
6. Plot T m as a function of solution conditions or perform subsequent analyses to examine the thermal shift as a function of changing solution conditions relative to a standard buffer (i.e., calculate the change in melting temperature, T m ).
It is helpful to define a baseline T m from a baseline solution condition (a previously used buffer condition) and examine the T m of other solution conditions relative to the baseline T m .
ALTERNATE PROTOCOL 1
ADDITIVE SCREEN FOR OPTIMIZING PROTEIN STABILITY
This secondary protocol is ideal for screening a wide variety of additives once an optimized buffer has been identified using the Basic Protocol.
Additional Materials (also see Basic Protocol)
96-well deep-well block containing 5× additive screen of choice (see recipe and 4. Cover the assay plate with a sheet of optically clear adhesive and carefully seal each well.
5. Reseal the small-molecule screen plate with adhesive aluminum sealing film and store at −80°C.
6. Centrifuge the assay plate for 2 min at 800 × g, room temperature, to collect solutions in the bottom of the wells and remove bubbles.
7. Place the assay plate into the real-time PCR instrument and start a temperature gradient program for thermal denaturation (see Basic Protocol, steps 10 to 14).
8. Determine the thermal shift ( T m ) of each condition relative to the solvent control to identify small molecules that promote protein stabilization (see Support Protocol). 
REAGENTS AND SOLUTIONS
Use deionized, distilled water in all recipes and protocol steps. For common stock solutions, see APPENDIX 2E; for suppliers, see APPENDIX 4.
Buffer and additive screens, 5×
Selection of solution conditions (buffer identity, solution pH, ionic strength) and additives to screen are entirely up to the user. Possible screens for buffers and additives are described in Tables 28.9 .1 and 28.9.2, respectively. General recommendations for screen setup:
1. Make up 10-50 ml of each 5× buffer or additive solution. 2. Aliquot concentrated stocks at 2 ml/well into a 96-well deep-well block. Seal the deep-well block with adhesive aluminum sealing film and store up to 6 months at 4°C for optimal stability. 3. Store remaining 5× buffer solutions up to 6 months at 4°C. These stocks can be diluted to 1× for immediate follow-up in subsequent thermal shift additive or ligand screens. 4. Before use, allow 30 min for screens to come to room temperature. Inspect block visually for microbial growth or precipitation of buffer components. Replace screen solutions as needed.
Dilution buffer
10 mM sodium phosphate, pH 7.0 50 mM NaCl Store up to 1 month at room temperature 
Purified protein
For general information on selection of protein targets that give ideal thermal denaturation curves, see Critical Parameters. For best results, use freshly purified protein with an estimated purity of ࣙ 75% as assessed by Coomassie Brilliant Blue staining of SDS-polyacrylamide gels (UNITS 10.2A & 10.5; Gallagher, 2012; Medberry et al., 2004) .
Small-molecule screens, 50×
Selection of small molecules for screening will vary depending on the protein.
General recommendations for screen setup:
1. Determine an ideal concentration for small molecule stocks based on protein target and ligand identities and solubilities. Screening at 100 to 250 μM will allow identification of target ligands with low-micromolar affinity. Using concentrated DMSO stocks (ࣙ10 mM) will keep the total concentration of DMSO ࣘ 2% to minimize artifacts. 2. Use DMSO-resistant 96-well plates (e.g., Thermo Scientific cat. no. 4917) for long-term compound storage at −80°C. Avoid excessive freeze/thaw cycles by aliquoting libraries in small volumes.
The maximum storage time will depend on the specific small molecules involved.
COMMENTARY Background Information
Protein stability in vitro is paramount to biochemical activity (Crowther et al., 2010; Sampson et al., 2011) and structural studies, even predicting the ability of well-folded proteins to crystallize with reasonable reliability (Ericsson et al., 2006; Vedadi et al., 2006; Dupeux et al., 2011) . Historically, differential scanning calorimetry (DSC) has been the method of choice for characterizing protein stability in vitro. While this technique enables the measurement of thermodynamic properties that give rise to protein stability, the method is time-consuming and low-throughput, making it difficult to screen for solution conditions that stabilize a given protein (Johnson, 2013) . Perhaps most problematic is that DSC requires expensive instrumentation that is dedicated to the sole purpose of denaturing proteins, restricting its use and the applicability of the technique for the common biochemist.
The introduction of the fluorescence-based thermal shift assay has significantly advanced the ability to easily identify conditions that increase protein stability. The use of environmentally sensitive dyes compatible with commonly available real-time PCR machines makes the technique accessible to essentially any researcher. Moreover, the high-throughput nature of thermal shift assays allows the rapid discovery of solutions that stabilize proteins through sparse matrix screening of solution conditions (i.e., buffer identity, solution pH, ionic strength). Recent advances and highlights of this technique are reviewed further in Mezzasalma et al. (2007) , Crowther et al. (2010) , and Kranz and Schalk-Hihi (2011) .
The small scale and high-throughput nature of thermal shift assay screens makes them an excellent platform for discovery of smallmolecule ligands, provided that the target protein gives an ideal thermal denaturation curve in the assay (Lo et al., 2004; Niesen et al., 2007; Fedorov et al., 2012) . In contrast to other ligand screens that require a significant amount of protein, utilize expensive reagents, or require time-consuming steps for data acquisition, the thermal shift assay provides many advantages for ligand discovery. Moreover, the assay is easily miniaturized down to 384-or 1536-well format to allow for automation (Mezzasalma et al., 2007) .
Critical Parameters
Selection of proteins
This technique detects changes in thermal denaturation of globular (folded) proteins to determine how solution conditions and small molecules modulate protein stability. However, not all globular proteins give ideal profiles upon thermal denaturation in this assay, precluding analysis of protein stability by this technique. It is estimated that 15% to 25% of recombinant proteins give non-ideal denaturation curves that include high fluorescence at room temperature baseline and/or lack a sigmoidal transition to the unfolded state (Crowther et al., 2010) . Typical causes of non-ideal denaturation profiles include lack of a compact, globular fold (i.e., intrinsic disorder); lack of hydrophobic core and/or hydrophobic patches on the solvent-exposed surface of the folded protein; and poor protein stability at room temperature. In cases such as these, thermal shift assays cannot be used to reliably extract information about protein stability, because the environmentally sensitive SYPRO Orange dye gives high fluorescence background at low temperature and/or the protein lacks a cooperative unfolding transition.
Selection of solution conditions
In theory, any matrix of solution conditions can be tested by thermal shift assay. However, the selection of solution conditions to screen is highly dependent on the protein being screened and the specific needs for downstream biochemical assays or structural biological approaches. Suggested buffer and additive screens that have worked well for a variety of proteins are listed in Tables 28.9.1 and 28.9.2, respectively. If a reasonably accurate relationship between pH and protein stability is to be determined, care should be taken to understand how most biological buffers change pH with increasing temperature (Good et al., 1966; Fukada and Takahashi, 1998) .
Collecting thermal shift data on a wide variety of real-time PCR instruments
Many different real-time PCR instruments have been used to collect thermal shift data (Matulis et al., 2005; Sampson et al., 2011; Fedorov et al., 2012; Ablinger et al., 2013) . Optimization of protocols for protein thermal denaturation on each real-time instrument will depend on the specific software.
Troubleshooting
As indicated above, not every protein will produce an ideal thermal denaturation curve. To determine if a poor melt curve is due to the specific protein target, a few parameters can be screened in an effort to improve assay results. Systematic titration of the concentration of both SYPRO Orange dye (0.5× to 10× final concentration) and the protein being tested (1 to 20 μM) is recommended to determine if optimal conditions for the denaturation assay can be found.
Anticipated Results
Rapid determination of protein melting temperatures can be obtained in a wide range of solution conditions with as little as 2 ml purified protein at low concentration (5 to 15 μM). The quality of the thermal denaturation curve is protein-dependent and provides information on protein stability. By screening a variety of solution conditions and additives, it is possible to identify conditions that maximize the stability of recombinant protein fragments. Based on these data, it is possible to significantly improve performance in biochemical assays and structural biology applications. Therefore, the thermal shift technique provides a rapid and inexpensive assay to improve recombinant proteins for in vitro study.
Time Considerations
With purified protein and premade buffer or additive screens in hand, less than 3 hr are needed to collect data in a 96-well assay plate, including setup time. Data analysis for one 96-well assay plate typically takes 1 hr or less using the methods outlined in this unit.
